Abstract. We perform Large-eddy simulations (LES) of the turbulent flow in a channel with isothermal heated walls with the temperature ratio equal to 2. The variable properties of the fluid are accounted for by using the low Mach number approximation. The Reynolds number based on the bulk velocity, half-width of the channel, density and dynamic viscosity near the cold wall is 6800. We study the effect of spatial resolution on the accuracy of Large-eddy simulations with dynamic Smagorinsky model. The very good agreement of LES results is shown even for the coarse meshes which is attributed to the high accuracy of the spectral method.
Introduction
The accuracy of numerical simulations hardly relies on the chosen discretization method. In the present work we employ spectral-element approach [1] which combines the accuracy of spectral methods and flexibility of finite-element approach allowing unstructured grids. We further assess the performance of the nek5000 code in the low Mach approximation targeting the turbulent channel flow [2, 3] .
The governing equations and computational details
The fluid motion at low speed can be described within the low Mach number approximation with the non-dimensional mass, momentum and energy transport equations [2, 4] :
where are the non-dimensional density, temperature, velocity and hydrodynamic pressure fields respectively,
is the viscous stress tensor, is the ratio of specific heats and is the thermodynamic pressure, which does not depend on space and is determined from a proper equation of state. All the variables are normalized using the reference state ( ) ( ) and ( ), where the superscript * represent dimensional quantities [2] . The Reynolds and Prandtl numbers are defined as follows , . Note that = 1 in Eq. (3). We consider the ideal gas equation of state:
The volume integration of (4) gives:
where
V  is the total mass of fluid in the computational domain.
We perform Large-eddy simulations (LES) of the Navier-Stokes equations where the spatial low-pass filtering denoted by an overline is applied to the equations of motion eq.
(1)-(3):
where G is the filter function. It is common to use the Favre-averaging in order to preserve the form of equations:
Filtered equations contain unclosed terms and in the right-hand side of momentum and energy equations, respectively, corresponding to the sub-grid scale stresses and heat flux. These terms have the following form:
The Boussinesq hypothesis and Smagorinsky model are used to express sub-grid terms:
| ̃| is the eddy viscosity, the local filter size. The term is lumped into the pressure field. The Smagorinsky constant is defined according to the dynamic procedure [5] :
where the brackets 〈 〉 denote the averaging along homogeneous directions. Dynamic procedure implies the introduction of the test filter ̂ . The test-filtered stresses used in Eq. (11) are defined as:
Similarly, the heat flux vector is modeled as follows:
The turbulent Prandtl number is defined in a similar manner:
The above described governing equations are implemented in the nek5000 code [6] with a spatial discretization based on the spectral-element method using Lagrange polynomials. The Navier-Stokes equations are cast in a weak form and discretized in space by means of Galerkin approximation using N th -order Lagrange polynomial interpolants on the GaussLobatto-Legendre points for the velocity field and pressure (ℙ N -ℙ N formulation). In the present work the polynomial order N is set to 7. The semi-implicit time-stepping scheme is third-order accurate.
Problem formulation and results of simulations
We study a turbulent flow between two infinite parallel isothermal heated walls at a Reynolds number of , where is the bulk velocity, is the half-width of the channel, , the density and dynamic viscosity near the cold wall providing the reference values for the non-dimensionalization of Navier-Stokes equations described (1) and (3) to keep a constant volume flux through the plane y − z. The dynamic viscosity and thermal conductivity depend on the temperature according to the Sutherland's law:
where S μ = 0.368, S k = 0.648. We consider a mild temperature difference, i.e. T h / T c =2.
Note that using these relations the Reynolds number calculated with hot wall characteristics correspond to = 2081. The difference between instantaneous temperature fields for constant- [7] and variable-density flows is shown in Fig. 1 .
We consider different meshes for variable-density LES simulations with (fine) and (coarse), where is the number of spectral elements along each direction ( ), corresponding to and , with being total number of points. Both meshes satisfy the near-wall LES criteria. a b Previously we have compared constant-density simulations with the data from the literature finding excellent agreement for velocity and temperature fields. Figure 2 shows the comparison of and their fluctuations for coarse and fine LES of variable-density flow. Note the inevitable asymmetry in profiles with respect to due to the effect of density/temperature on the velocity field.
Fig. 2.
Black and red dashed line shows the constant-density results [7] [8] [9] . Symbols "f" and "c" denote the coarse and fine LES profiles for the variable-density flow respectively.
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